Glyphosate-based herbicides are widely used in agricultural fields and are commonly applied in fish ponds to control algae and plant growth. Nile tilapia, Oreochromis niloticus L., fingerlings exposed to the highest sublethal concentrations of glyphosate alone experienced an increase in cortisol levels that was similar to the value found in the stressed group. In contrast, fingerlings exposed to all glyphosate concentrations in combination with an acute stressor had significantly lower cortisol levels than those found in the stressed group in clear water, suggesting that the herbicide attenuated the cortisol response to the additional acute stressor.
Introduction
Fish may encounter many situations that disrupt their homeostasis, both in the wild and in aquaculture facilities. The factors that lead to this are generally termed "stressors," and the response mounted by the fish to cope with these stressors and restore homeostasis is called a "stress response" (Barton 2002 ). Glyphosate-based herbicides are used to control the massive growth of weeds, plants, and algae in water bodies, and they have been shown to interfere with and disrupt the functioning of the HPI axis in fish as Rhamdia quelen (Cericato et al. 2008) . A fish with a compromised HPI axis is unable to mount an adequate stress response and elevate its cortisol levels, thus losing its capacity to restore homeostasis (Hontela 1998 ).
The Nile tilapia (Oreochromis niloticus) is a well-known cichlid species that is cultured in warm and hot regions around the world. The physiology of its stress response has been well documented (Barcellos et al. 1999a; 1999b) , but few studies have assessed the endocrine disruption of its HPI axis in response to exposure to sublethal concentrations of chemicals (Correia et al. 2010 ).
We determined the lethal concentration (LC 50-48h ) of the tested glyphosate-based herbicide and the effect of an acute 48-h exposure to sublethal concentrations of 1%, 2%, 10%, and 20% of this LC 50-48h on the acute stress response of Nile tilapia fingerlings.
Materials and Methods
Two experiments were conducted at the facilities of the Universidade de Passo Fundo, Rio Grande do Sul, Brazil. In total, 400 apparently healthy Nile tilapia (O. niloticus) (monosex male type; mean body weight 1.45 ± 0.15 g) were obtained from the Universidade Regional Integrada do Alto Uruguai e das Missões Fish Farm. Prior to transfer into the experimental tanks, the fish were kept in a 6200-L plastic tank under natural photoperiod, and were fed twice per day (10:00 and 16:00 h) with commercial extruded food (42% crude protein, 3400 kcal kg -1 DE) at 5% of body weight. During the experimental period, continuous aeration was maintained in each aquarium using an electric air pump. Water temperature (26 ± 1 °C) and dissolved oxygen concentrations (5.6-7.5 mg L -1 ) were measured with a YSI model 550A oxygen meter (YellowSpring Instruments, USA); pH values (6.6-7.0) were measured with a Bernauer pH meter; and total ammonia-N (0.5 mg L -1 ), total alkalinity (60 mg CaCO 3 L -1 ), and hardness (65 mg CaCO 3 L -1 ) were measured using colorimetric tests (Aquaimagem, Jundiaí, SP).
To determine the 48-h LC 50 of Roundup Ready™, a 2-day static acute toxicity test was performed, in which 6 different nominal concentrations of the herbicide (4.5, 4.0, 3.5, 3.0, 2.5, and 0 mg L -1 as control) were used in 3 test series (10 fish per concentration, 60 fish per series). Fish mortality was assessed at 12, 24, 36 and 48 h for all treatments. Dead fish were removed immediately, and behavioral changes, clinical toxic signs, and postmortem lesions of tested fish were closely monitored and recorded each day. The 48-h median lethal concentration (LC 50-48h ) value was determined using the Trimmed Spearman-Karber method (Version 1.5), which is available from the Environmental Protection Agency (USA).
We tested the effect of 4 sublethal concentrations of Roundup Ready™ on fingerling Nile tilapia by exposing fish to 10 treatments with 3 replicates per treatment. Each experimental tank contained 95 L of chlorine-free, well-aerated tap water, and 10 fingerlings. In all treatments, the stocking density was 0.15 g L -1 and the experiment was carried out in a static-test design. Usually, in such experiments, fish are not fed; however, since cortisol is a glucocorticoid that might be affected by starvation, the fish in this study were fed during the 48 h of exposure only at (24 h after the beginning of exposure at a rate of 0.75% of their biomass. Food residues and feces were not removed, to prevent any stress being caused by the introduction of cleaning equipment, but water quality was monitored daily.
In treatment #1, the control group, the fingerlings were kept in clear water with no herbicide and no stressor, while in treatment #2, the stressed group, the fingerlings were kept in clear water without glyphosate but were subjected to an acute stress handling stimulus (chasing them with a pen net for 60 s; Barcellos et al. 1999a ) after 48 h. In treatments #3-6, the fingerlings were kept in water containing 4 sublethal concentrations of the herbicide, corresponding to 1%, 2%, 10%, and 20% of the lethal concentration for acute exposure (LC 50-48h , as determined in the first experiment; but without any application of a stressor, while in treatments #7-10, the fingerlings were kept in water containing the same sublethal concentrations of glyphosate and were also subjected to an acute stress-handling stimulus 48 h after exposure to the herbicide. All fish were sampled 1 h after the stress application, as previous studies have indicated that cortisol levels peak at this time in Nile tilapia (Barcellos et al.1999a ).
Body cortisol levels were used as an indicator of the stress response. Fish were captured and immediately frozen in liquid nitrogen for 10-30 s, following which they were stored at −20 °C until cortisol extraction. To prevent a possible handling-induced stress response, the time period between capture and killing was maintained at less than 30 s. All experimental procedures were approved by the Institutional Ethics Committee at the University of Passo Fundo.
Whole-body cortisol was extracted using the method described by Sink et al. (2007) . Each fish was weighed, minced, and placed into a disposable stomacher
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bag with 2 mL of phosphate buffered saline (PBS, pH 7.4) for 6 min. The contents were then transferred to a 10-mL screw top disposable test tube to which 5 mL of laboratory grade ethyl ether was added. The tube was vortexed for 1 min and centrifuged for 10 min at 3000 rpm, following which it was immediately frozen in liquid nitrogen. The unfrozen portion (ethyl ether containing cortisol) was decanted and transferred to a new tube, where it was completely evaporated under a gentle stream of nitrogen for 2 h, yielding a lipid extract containing the cortisol, which was stored at −20 °C.
Body extracts were re-suspended in 1 mL of phosphate buffered saline (PBS) and whole-body cortisol levels were measured in duplicate samples of each extract using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (EIAgen™CORTISOL test, BioChem ImmunoSystems). This kit was fully validated for Nile tilapia tissue extracts. Accuracy was tested by calculating recoveries in samples that had been spiked with known amounts of cortisol, while precision was tested by carrying out 12 repeated assays on 7 randomly chosen samples on the same plate and calculating the intra-assay coefficient of variation (% CV), and reproducibility was tested by assaying the same samples on different plates and calculating the inter-assay coefficient of variation (% CV). To test for linearity and parallelism, serial dilutions of tissue extracts were performed in the buffer provided by the kit. We found that there was a strong positive correlation between the curves (R 2 = 0. 8918), and that samples had low inter-and intra-assay coefficients of variation (7-10% and 5-9%, respectively).
The mean ± S.E.M. concentration of cortisol was calculated for each treatment group. Two-way analysis of variance (ANOVA) was used to compare cortisol levels of fish in the different treatment groups. To determine whether the data met the assumptions of these parametric tests, a Hartley test was carried out to verify the homogeneity of variances, and a Kolmogorov-Smirnov test was used to test for normality of the data. Tukey's test was used to test for significant differences at a significance level of 0.05. All data analyses were carried out using Graph Pad InStat 3.00 statistical package (GraphPad Software, San Diego, CA, USA).
Results and Discussion
Fish exposed to the highest glyphosate concentrations (4.0 and 4.5 mg L -1 ) experienced 100% mortality during the 48-h exposure period, while fish exposed to the lowest concentration (2.5 mg L -1 ) experienced 0% mortality. The 48-h LC 50 value for the glyphosate-based herbicide in Nile tilapia was determined to be 2.94 mg L -1 (confidence interval 2.77-3.13 mg L -1 ).
Whole-body cortisol levels in Nile tilapia fingerlings were 32.09 ± 2.99 ng g -1 of wet tissue in the control group and 60.57 ± 8.52 ng g -1 of wet tissue in the stressed group (Fig. 1) . Exposure to the highest sublethal concentrations of glyphosate (10% and 20% of LC 50-48h ) resulted in a significant increase in cortisol levels (F 9,62 = 6.349, P < 0.0001) in fingerlings, similar to that observed in the stressed fish. When an additional acute stressor was used, fish exposed to all sublethal concentrations of glyphosate tested had significantly lower cortisol levels than stressed fish in clear water (F 9,62 = 6.349, P < 0.0001). Figure 1 . Whole-body cortisol levels in Nile tilapia (Oreochromis niloticus) following acute exposure (48 h) to different percentages of the lethal concentration (2.54 mg/L) of a glyphosate-based herbicide (Gly) with or without an additional acute stressor (st). The control group received no treatment, while the stressed group was kept in clear water and exposed to an acute stress-handling stimulus after 48 h. Data are expressed as mean ± S.E.M. Different letters above the bars indicate statistically significant differences (Tukey's multiple range tests, F 9,62 = 6.349, P < 0.0001, n = 6-10).
The LC 50-48h for the glyphosate-based herbicide in Nile tilapia calculated in this study (2.94 mg L -1 ) is much lower than has previously been reported. For example, Jiraungkoorskul et al. (2002) calculated an LC 50-48h of 16.8 mg L -1 for young Nile tilapia. The fish weight used by these authors (1.69 + 0.31 g) was very close to that used in the present study (1.45 ± 0.15 g); therefore, we hypothesize that this difference may be due to the different formulations of glyphosate-based herbicide used.
We found that the glyphosate-based herbicide triggered an increase in cortisol levels in Nile tilapia fingerlings when applied on its own at concentrations of 10% and 20% of the LC 50-48h . The toxicity of glyphosate is considered to be low, but commercial glyphosate formulations such as Roundup Ready™ are more acutely toxic than isolated glyphosate salt, due to the presence of surfactants like POEA, which are more toxic to fish than glyphosate (Giesy et al. 2000) . Previous studies have shown that Roundup Ready™ induces stress in R. quelen ( Cericato et al.
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, and it has also been found that a glyphosate-based herbicide induced oxidative damage in the tissues of fish, as R. quelen (Ferreira et al. 2010 ).
Interestingly, despite the fact that the tested glyphosate-based herbicide caused cortisol elevation when applied on its own, when applied at concentrations of 1%, 2%, 10%, and 20% of the LC 50-48h in combination with an acute stressor it inhibited cortisol elevation. Previous research has shown that glyphosate-based herbicides can act as endocrine disrupters both on the HPI axis (Cericato et al. 2008 ). In R. quelen, concentrations lower than 50% of the LC 50 did not resulted in HPI disruption (Cericato et al. 2008 ), but several factors may influence the toxicity of glyphosate-based herbicides and the susceptibility of the neuroendocrine axes to these chemicals, including fish species, age, physiological status, and environmental conditions (Norris 2000) .
The possibility that glyphosate impairs the HPI axis in Nile tilapia by acting directly on the interrenal tissue was discarded since concentrations of 10 and 20% of LC 50-48h provoked a cortisol elevation, showing that the synthetic capacity of interrenal tissue was preserved. But we cannot discard the possibility that this disrupting effect may occur elsewhere within the HPI axis, as found in R. quelen, which had fully responsive interrenal tissue when challenged with adrenocorticotropic hormone (ACTH) (Cericato et al. 2009 ).
Despite of the exact mechanism by which glyphosate blocked the cortisol response, biologically, the fish lost their capacity to mount an adequate response to cope with a standard stressor and maintain homeostasis. This attenuation may reduce the ability of the organism to promote metabolic and ionic adjustments necessary for the stress response. As outlined by Brodeur et al. (1997) , fish that are incapable of mounting a normal cortisol response are likely to have a reduced ability to respond to the continuous challenges imposed on their homeostatic systems, either by aquaculture practices or by environmental changes.
Finally, we believe that the protection of tilapia ponds warrants attention. Glyphosate-based herbicides are generally used directly in fish ponds and creeks to control weeds at a concentration of around 100 mg L -1 (Monsanto 2003) , which is much higher than the concentration that corresponds to 1% of the LC 50-48h . Even when glyphosate-based herbicides are not used directly in the ponds, they can easily enter water bodies in small concentrations of 0.0294 mg L -1 either through leaching or accidentally. Therefore, since Nile tilapia fingerlings had an inhibited cortisol response to stress when exposed to a glyphosate-based herbicide at concentrations as low as 1% of the LC 50-48h , extreme care must be taken to prevent these chemicals from entering Nile tilapia cultures.
Conclusion
We concluded that the tested glyphosate-based herbicide triggers a cortisol increase at concentrations of 10% and 20% of the LC 50-48h in Nile tilapia fingerlings, but that all concentrations when combined with an acute stressor inhibit cortisol elevation. Our results indicate that extreme care must be exercised in the use of these compounds to prevent deleterious effects on fish homeostasis.
